How to Cite: Michurov, D.A., Kolosova, O.Yu., & Lozinsky, V.I. (2022). Cryostructuring of Polymeric Systems. 61. Physicochemi-
cal Properties of Poly(vinyl alcohol) Cryogels Prepared on the Basis of Urea-Containing DMSO-Solutions of the Polymer and Eval-
uation of the Resultant Gel Materials as Potential Drug Carriers. Bulletin of the University of Karaganda — Chemistry, 107(3), 75-86.
https://doi.org/10.31489/2022Ch3/3-22-7

Article Received: 19 May 2022 | Revised: 27 June 2022 | Accepted: 1 July 2022 | Published online: 13 July 2022

UDC 541.64 https://doi.org/10.31489/2022Ch3/3-22-7

D.A. Michurov, O.Yu. Kolosova, V.I. Lozinsky"

A.N. Nesmeyanov Institute of Organoelement Compounds of RAS, Moscow, Russia
(*Corresponding author’s e-mail: loz@ineos.ac.ru)

Cryostructuring of Polymeric Systems.
61. Physicochemical Properties of Poly(vinyl alcohol) Cryogels
Prepared on the Basis of Urea-Containing DMSO-Solutions of the Polymer
and Evaluation of the Resultant Gel Materials as Potential Drug Carriers

Macroporous physical poly(vinyl alcohol)-based (PVA) cryogels were prepared originating from the
dimethylsulfoxide solutions of the polymer that contained urea additives. The variables of the cryotropic gel-
formation process were its temperature and the concentration of the added urea, which caused the increase in
the rigidity and heat endurance of the resultant cryogels, as well as promoted widening of the macropores in
the gel matter. Subsequent rinsing of the DMSO-swollen cryogels with the water excess resulted in the water-
swollen PVA cryogels with simultaneous further increase in their rigidity. These gel matrices were tested
with respect of their potential to operate as the polymeric carriers in the drug delivery systems. Loading of
such water-swollen cryogels with a model drug, e-amino caproic acid, and then studies of its release kinetics
revealed that urea content in the initial PVA solutions used for the freeze-thaw-induced formation of the
DMSO-swollen cryogels played the key role for the release characteristics of the drug-loaded water-swollen
gel carrier. Namely, PVA cryogels prepared in the presence of a higher concentration of urea possessed the
larger pores and, as a result, the drug release occurred somewhat faster.

Keywords: poly(vinyl alcohol) cryogels, dimethylsulfoxide polymer solutions, urea additives, cryogenic pro-
cessing temperature, drug delivery cryogel carriers.

Introduction

Polymeric cryogels are the macroporous gel materials formed as a result of cryogenic processing (freez-
ing — incubation in a frozen state — defrosting) of the molecular or colloidal solutions that contain certain
low-molecular or high-molecular precursors [1-8]. Various polymeric cryogels are of both significant scien-
tific and intensively developing applied interests. In particular, the latter assertion concerns the biomedical
areas, where the use of different biocompatible cryogels has already revealed promising prospects [1, 7, 9-
16]. One of the important types of these materials is the so-called drug delivery systems, e.g. the drug-
carrying covers on wound and burns, and the respective cryogels are tested in details for such biomedical
applications. Specific morphology of cryogels with the system of interconnected macropores allows loading
the polymeric matrix with the drugs of a diverse chemical structure, aggregate state (soluble, solid and gase-
ous) and size (from the low-molecular weight substances to the polymeric ones and even nano/micro-
particles). Therefore, these gel materials are well-suitable for the drug delivery aims [1, 2, 9, 12-24]. With
that, the polymeric matrix of similar delivery systems must be non-toxic, biocompatible and, if required,
must be biodegradable. As regards the non-degradable (by the human organisms) cryogenically-structured
polymeric carriers used in this field, the poly(vinyl alcohol)-based cryogels (PVACGS) [1, 4, 25-33] are of
gross interest. Similar non-covalent macroporous gel materials [1, 4, 27, 34-41] are formed by the mecha-
nism of interchain cross-linking via H-bonding. These cryogels posses excellent physico-mechanical proper-
ties, high heat endurance, and biocompatibility [1, 26-30, 39, 41]. Such combination of their useful charac-
teristics opens wide possibilities for the biomedical applications of PVACGs [1, 14, 20, 27, 28, 33, 41-46].

The fabrication of PVACGs is a rather simple procedure, which includes the preparation of aqueous so-
lution of this polymer, the addition, when it is required, soluble or insoluble (disperse filler) additives, then
freezing the resultant feed liquid system at desired minus temperature for certain time period and subsequent
thawing of frozen samples [1, 2, 35-30, 34-39]. The properties of thus prepared PVACGs depend on the mo-
lecular-weight characteristics of the initial polymer, its deacylation degree and chain tacticity, type and con-
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centration of additives, when those are used, as well as on the regimes of all stages of the cryogenic pro-
cessing and the number of freeze-thaw cycles [1, 2, 19, 20, 24-30, 36-40].

Apart from the PVACGs prepared from the aqueous solution of this gelling polymer, PVACGs are
known to be formed based on its dimethylsulfoxide (DMSOQ) solutions [27, 34, 47-49]. In this case, it is
found that some low-molecular solutes influenced on the physico-chemical properties of the resultant
cryogels oppositely in comparison to the effects observed in aqueous media [50, 51]. Thus, it is revealed that
such well-known chaotropes as urea or guanidine hydrochloride, the additives of which cause marked de-
crease in the gel strength and heat endurance of the PVACGs prepared from the aqueous polymer solutions
[52, 53], in the DMSO media exhibit the antichaotropic (so-called kosmotropic) influence on the respective
cryogels causing the considerable increase in their rigidity and fusion temperatures [51]. The studies of such
phenomenon show that its main reason consisted in the urea-induced decrease in the solvation ability of
DMSO with respect to PVA. As a result, this effect is the key factor responsible for strengthening of the
structure formation upon the freeze-thaw gelation of this polymer in DMSO additionally containing additives
like urea, which is capable of competing with PVA for the solvent. After the exhaustive rinsing of such
PVACGs with water, i.e. after the removal of soluble additives and replacement of DMSO for H,O, the elas-
tic modulus and fusion temperature values of thus treated cryogels turned out to be higher significantly as
compared to the PVACGs formed in the medium of pure water. In other words, it was possible to fabricate
“aqueous” PVACGs possessing increased mechanical and thermal properties.

Considering these effects, we decided to use such preparation scheme, i.e. to fabricate “primary”
PVACGs in the DMSO medium with urea additives, further to rinse thus formed gel systems by an excess of
water, load the resultant “secondary” PVACGs with a model drug (e-amino caproic acid (e-ACA) in this
case), and evaluate the release kinetics of this known hemostatic agent [54] from the cryogel carriers.

Therefore, the tasks of this study are as follows:

(i) to reveal the influence of the concentration of added urea and the temperature of the cryotropic gel-
formation on the physico-chemical characteristics of final cryogels;

(i) to trace how the same preparation parameters are reflected on the drug release behavior.

Experimental

2.1 Materials

The following substances were used: poly(vinyl alcohol) (molecular weight of ca. 86 kDa, the
deacetylation degree of 100 %; Acros Organics, USA), urea (“ultra pure” grade) and g-amino caproic acid
(>99.5 %) (both Sigma, USA). Dimethyl sulfoxide (>99 %; Komponent-Reaktiv, Russian Federation) was
additionally purified by the freeze-out procedure.

2.2. Methods

2.2.1. Preparation of PVA cryogels

The preparation of the feed PVA solutions and then their cryogenic processing were carried out as de-
scribed previously [51]. Briefly, a known amount of dry polymer was dispersed in a calculated volume of
DMSO to reach a PVA concentration of 100 g/L. The mixture was incubated for 18 h at room temperature
for swelling of the polymer, followed by the system heating for 1 h on a boiling water bath under stirring
until the completion of PVA dissolution. Subsequently, the required amount of dry urea was added and dis-
solved in this liquid system after its cooling to room temperature.

Preparation of the “primary” PVACGs for the physico-mechanical tests was performed in the sectional
duralumin moulds (inner diameter 15 mm, height 10 mm). The gel samples of the same composition for the
measurements of their fusion temperatures (T¢) were formed in transparent polyethylene test tubes (inner di-
ameter 10 mm), the 3-mL portions of the polymer solution were poured, and a stainless steel ball (diameter
3.5 mm, weight 0.275+0.005 g) was placed on the bottom of each tube. The containers and the tubes were
put into the chamber of an FP 45 HP precision programmable cryostat (Julabo, Germany), where the samples
were frozen and incubated for 12 h at the preset minus temperature. Then, the temperature was raised to
20 °C at a rate of 0.03 °C/min controlled by the cryostat microprocessor. Onwards, each cylindrical gel sam-
ple prepared in the duralumin moulds was subjected to the physico-mechanical tests (section 2.2.2) followed
by immersing the sample in the vessel with 100 mL of pure water, where the cryogel was incubated with pe-
riodical stirring for 24 h. Such rinsing procedure was repeated 6 times to extract solutes from the samples
and replace DMSO for water inside the gel bulk thus resulting in the transformation of the “primary”
PVACGSs to the “secondary” ones.
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2.2.2. Physico-mechanical measurements

The compression Young’s modulus (E) of the PVACG samples was determined from the linear portion
of the stress—strain dependence using a TA-Plus automatic texture analyzer (Lloyd Instruments, UK) at a
loading rate of 0.3 mm/min. Upon these experiments the applied load was automatically increased from 0 to
5 N. The tests were performed until reaching a 30 % of deformation. The measurements were performed for
both “primary” and “secondary” PVACGs. The E values were measured for three parallel samples; the sam-
ples were examined in three to five independent experiments. The obtained results were averaged.

2.2.3. Heat endurance of PVA cryogels

Fusion temperatures (Ty) of the “primary” PVACGs were measured in accordance with the earlier re-
ported procedure [29, 30, 50-52] by placing upside down the tightly corked polyethylene tube containing
cryogel with the stainless steel ball (3.5 mm in diameter and 0.275+0.005 g in weight) at the bottom into the
water bath. The bath temperature was increased at a rate of 0.4+0.1 °C/min. The gel fusion point was detect-
ed as the temperature when the ball fell down onto the stopper of the test tube after passing through the fused
gel. The T¢ values were measured for three parallel samples; the samples were examined in three independent
experiments. The obtained results were averaged.

2.2.4. Optical microscopy studies

Macroporous morphology of the PVACG samples was investigated as described earlier [51] with use of
an Eclipse 55i optical microscope (Nikon, Japan) equipped with an MMC-50C-M system (MMCSoft, Rus-
sian Federation) for digital image recording. In the as-prepared “primary” cryogels, DMSO was replaced by
pure water, and the resultant “secondary” cryogels were cut for the 10-pm thick sections orthogonally to the
axis of cylindrical samples using a SM-1900 cryomicrotome (Leica, Germany). Each section was placed on
the microscope glass, which was then immersed into a 1 % aqueous solution of Congo red (the standard dye
used for painting PVA-based materials [61], including the PVA cryogels [19, 24, 29, 30, 35, 36, 50-53]) for
staining for 10 s, and then rinsed with pure water. The excess of liquid was removed with a filter paper.
Then, the section was poured with a drop of fixing solution (solution of 1 g of gelatin in 12 mL of 50 %
aqueous glycerol and 0.2 g of phenol as a bacteriostatic agent) and sealed with a cover glass. Prior to the
studies, the samples were stored in a closed vessel at 4 °C.

2.2.5. Loading of PVACGs with a model drug substance and its release from the gel carrier

The volumes of the cylindrical samples of “secondary” PVACGs (Vs.) Were measured. Each sample
was immersed into a vial with aqueous e-ACA solution of necessary volume (V;.aca) SO that the sum volume
‘cryogel+liquid’ turned out to be equal to 4 mL. Since the Vg values depended on the urea concentration in
the feed PVA solutions, the e-ACA concentrations in the loading solutions were prepared with the intention
to reach after the equilibration approximately the same e-ACA amount (me;) being entrapped in these gel
carriers (Table).

The release of e-ACA from the amino-acid-loaded PVACGs was registered using the conductometry
technique (a F30 conductometer, Mettler-Toledo, Switzerland). Each sample of the e-ACA-saturated cryogel
was placed into a beaker with 30 mL of pure water, and the values of electrical conductivity were measured
under the instructions given in the manual for this instrument. The concentration of the amino acid in the re-
spective solutions was found from the preliminary obtained calibration plot.

Table
Composition of the systems used in the loading-release experiments
Urea concentration in the feed Ve mL Vv mL £-ACA concentration in the e m
PVA solution, mol/L see FACA loading solution, mg/L e MY
0 1.29 2.71 23.3 29.9
2 1.01 2.99 30.0 30.0
4 0.79 3.21 37.9 29.9
3 After the equilibration of the ‘cryogel+liquid’ system

Results and Discussion

3.1. Preparation of “primary” and “secondary” PVACGs
As indicated in the ‘Introduction’, the subjects of this study are the PVA cryogels possessing both the
increased durability and the potential ability to operate as the efficient biocompatible carriers for the drug
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delivery systems like the covers on wounds or burns. To achieve the former goal, we selected the approach
based on the earlier found kosmotropic influence of urea introduced in the feed DMSO solutions of PVA to
be gelled cryogenically [51]. The respective PVACGs were prepared (section 2.2.1) starting from the urea-
free (reference samples) and the urea-containing DMSO solutions of the polymer. Its concentration was
100 g/L in all the cases, and the content of urea was one of the following series: 0, 1.0, 1.5, 2.0, 3.0 or
4.0 mol/L. Such solutions were cryogenically solidified at the desired freezing temperature (Ty): either
-11.6 °C, or —21.6 °C, or —31.6 °C. Since the DMSO crystallization point (To) is +18.4 °C [55], in terms of
the AT values equal to the T;—To [50, 51], this parameter had the following moduli: AT = —30°, —40° and —
50°, respectively. Such AT values testify that feed polymeric solutions were frozen at the temperatures 30, 40
or 50 degrees lower than the crystallization point of a neat DMSO. After storing frozen and then thawing the
“primary” PVACGs were obtained (section 2.2.1). Subsequent measurement of their characteristics allowed
us tracing the influence of such varying parameters as the urea concentration and the freezing temperature on
the physico-chemical properties of these DMSO-swollen cryogels. Further change of DMSO for water re-
sulted in the target “secondary” water-swollen PVACGs, which were then loaded with a model drug (e-
ACA), and its release kinetics was evaluated.

3.2. Thermal and physico-mechanical properties of the PVACGs under study

Since PVACGs are physical gel materials, the spatial network of which is maintained by the thermo-
dissociating interchain H-bonds between the OH-groups of neighboring chains, the fusion temperature of
PVACGs is the indicator of both the amount of such non-covalent bonds and their cooperativity within the
microcrystallinity zones performing as the knots of the supramolecular polymeric network [25-30, 37]. In this
respect, the elevation of the fusion temperature values (Ts) of PVACGs formed in the DMSO medium with in-
creasing concentration of added urea (Fig. 1) points to some increase in the total amount of interchain H-bonds
responsible for the heat endurance of the physical gels, in general [56], and of the PVA cryogels under consid-
eration in the present study, in particular. In other words, the data of Fig. 1 confirm the earlier observed the
antichaotropic influence [51] of urea on the freeze-thaw gelation of PVA in the DMSO medium.

-0
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T T
-50 -40 -30
AT©

Urea concentration: 0 (curve 1), 1.0 (curve 2), 1.5 (curve 3), 2.0 (curve 4), 2.0 (curve 5) and 4.0 (curve 6) mol/L

Figure 1. The values of the gel fusion temperature (Ts) of the “primary” PVA cryogels prepared
on the basis of the urea-free and the urea-containing DMSO solutions of the polymer
as dependent on the temperature of the cryotropic gelation process

The dependences in Fig. 1 demonstrate that both the urea-free and the urea-containing PVACGs pre-
pared at the cryogenic processing temperatures AT = -30° and —40° possessed higher heat endurance in com-
parison with the cryogels prepared at AT = -50°, thus indicating the decreased gel-formation efficiency with
lowering the freezing temperature. Such a trend is known to be inherent in the PVA cryotropic gelation of
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the urea-free agueous solutions [27, 29], i.e., similar effect is common for the freeze-thaw gel-formation of
this polymer in both the aqueous and the organic media.

In turn, the graphs in Figure 2 (plots a and b) combine the experimental data on the rigidity (in the terms
of Young’s modulus — E) of the “primary” and the “secondary” PVACGs. Thus, it is possible to compare their
physico-mechanical properties depending on the AT values for the samples that contained various amount of
urea in the composition of initial DMSO solutions of the PVA, as well as to demonstrate pictorially a para-
mount increase in the gel strength caused by the transition from the DMSO-containing “primary” cryogels to
the aqueous “secondary” ones. The analysis of these results revealed the following trends with the respect of
the factors capable of exerting major effects on the elasticity of the cryogels under discussion.

First, this work confirms previous study [51] on kosmotropic-like “action” of urea additives on the PVA
cryotropic gel-formation in the DMSO medium. If in the case of the formation of cryogels via the freeze-
thaw processing of the aqueous urea-containing PVA solutions, the increase in the urea concentration gave
rise to the crucial decrease in the gel strength because of the urea-induced inhibition of the interchain PVA-
PVA H-bonding [52, 53] while in the DMSO medium the effects were opposite. This result is stipulated by
the competition of urea with PVA for the solvent, since the urea forms rather stable H-bonds with DMSO
thus promoting the partial change of the PVA-DMSO solvate interactions for the additional interchain PVA-
PVA H-bonding [51]. In particular, with increasing the initial urea concentration from 0 to 4 mol/L the E
values of the respective “primary” PVACGs grew from 1.8-3.3 kPa up to 70-87 kPa, i.e. more than about 30-
fold (Fig. 2a). Also, Figure 2b illustrates that this trend was retained for the “secondary” cryogels.
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Figure 2. The values of the elastic modulus of the “primary” (@) and the “secondary” (b) PVA cryogels
prepared on the basis of the urea-free and the urea-containing DMSO solutions of the polymer
as dependent on the temperature of the cryotropic gelation process

Second, the influence of the cryogenic stages temperature (i.e. AT values) within its range from —-30° to
-50° on the rigidity of the resultant “primary” PVACGs (Fig. 2a) had a weakly expressed bell-like character
being more evidently pronounced with an increase in the urea concentration in the initial DMSO solutions of
PVA (Fig. 2a). For the PVACGs prepared in the urea-free agueous media such bell-like temperature depend-
ences are well-known (e.g., see [29]). The reason is the competition of different factors that influence on the
characteristics of the resultant PVACGs. Thus, at the same polymer concentration in an initial solution, the
lower is the temperature of frozen system the higher is the PVA concentration in the unfrozen liquid
microphase [57-59]. This effect promotes the polymer—polymer interactions and the formation of cryogels.
However, a regular increase in viscosity and the retardation of the thermal mobility of chains and their seg-
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ments with a decrease in the temperature act as factors that inhibit gelation. As a result, the bell-like depend-
ence of the physicochemical characteristics for such cryogels on the temperature of freezing—storage of the
cryogenically-structuring polymer system is observed.

Third, the transformation of the “primary” PVACGs to the respective “secondary” ones resulted in the
significant growth of the gel strength. For example, if the values of the elastic modulus for the urea-free “pri-
mary” PVACGs varied within the range from 1.8 to 3.3 kPa (curve 1, Fig. 2a), for the “secondary” cryogels
these values grew up to the range of 23-26 kPa (curve 1, Fig. 2b), i.e. almost 10-fold. For the urea-containing
“primary” PVACGs their E values, depending on the urea concentration and the temperature of cryogenic pro-
cessing, were over the range of 4-87 kPa (curves 2-5, Fig. 2a), whereas after the samples transformation to the
respective “secondary” aqueous cryogels their elastic moduli increased by many times and reached the level of
27-210 kPa (curves 2-5, Fig. 2b). Such reinforcement effects were found [51] to be induced by the replace-
ment of the DMSO medium, which was a thermodynamically better solvent for PVA, by a poorer solvent —
water [60]. As a consequence of such medium change, some fraction of the polymer-solvent interactions was
replaced by the polymer-polymer ones, thus leading to the increase in the density and the rigidity of the 3D
supramolecular network of the “secondary” PVACGs as compared with the “primary’ ones.

3.3. Microstructure of the PVACGs under study

Since the PVACGs are the heterophase macroporous gel matrices [1, 4, 25-33], their integral physico-
mechanical properties are stipulated not only by the rigidity of the polymeric phase (the walls of macropores)
but also by the macroporous morphology of these gel materials. On the other hand, it is significant to com-
pare the drug release characteristics of the drug-loaded “secondary” PVACGs fabricated from the DMSO-
swollen “primary” cryogels that, in turn, were prepared in the presence of different amount of urea additives.

The first stage of such comparison was the microstructural study of the respective cryogels (section
2.2.4). The results of these experiments are illustrated by the optical microphotographs in Fig. 3, where the
macroporous morphology is shown for the thin sections of the “secondary” PVACGs prepared originating
from the initial polymer solutions, either the urea-free one (a), or those containing urea at the concentration
of 2.0 (b) and 4.0 mol/L (c). The dark areas in these black-and-white images are the elements of the polymer-
ic phase (the pore walls stained with the ‘Congo red’ dye), and the light areas are the macropores filled with
water. The “secondary” water-swollen cryogels rather than the “primary” DMSO-swollen samples were in-
vestigated since the polymeric walls of macropores in the ‘primary’ cryogels were almost transparent, so the
peculiarities of their texture in the thin sections were in fact indiscernible with an optical microscope. In ad-
dition, it turned out that the DMSO-swollen PVACGs were practically not stained with Congo red dye usual-
ly employed to contrast the thin sections of the water-swollen PVA cryogels [19, 24, 27, 29, 30, 53].

Urea concentration: 0 (a), 2.0 (b), and 4.0 (c) mol/L

Figure 3. Optical images of the microstructure registered for the Congo-red-stained thin sections
of the “secondary” PVACGs derived from the respective “primary” samples prepared on the basis of the urea-free
and the urea-containing DMSO solutions of the polymer by their cryotropic gelation at AT = —40°

Qualitatively, Figure 3 demonstrates clear differences between the character of macroporous morpholo-
gy of the cryogels prepared from the urea-free (a) and the urea-containing (b, c) feed PVA solutions. If the
PVACG formed by the freeze-thaw gelation of the urea-free PVA solution had the pores of an anisometric
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shape and no more than ~10 um in cross-section, the presence of the urea additives in the initial PVA solu-
tions caused a noticeable increase in the diversity of the pore shapes and sizes, especially with the urea con-
centration increase. With that the lamellar structures (up to 10-20 pm in the cross-section) of pore walls
were arisen in the PVACG formed in the presence of 2.0 mol/L content of urea (Fig. 3b), and in the case of
cryogel prepared with 4.0 mol/L of urea the porous texture of the matrix became more diffuse with widening
of the pore size to the level of about 20-35 um (Fig. 3c). It turn, the polymeric phase of such PVACG were
stained stronger in the comparison to the image (b), thus indicating to the increased density of the polymeric
network within the pore walls of this sample.

In general, the data of Figure 3 testified that the cross-section of the macropores in the PVACGs is in-
creased with the growth of urea concentration in the DMSO solutions of PVA to be freeze-thaw structured.
Therefore, such an effect should be manifested in the drug-release behavior of the soluble substances prelim-
inary loaded in the PVACG-based drug carrier.

3.4. Loading and release of e-ACA in and from the PVACGs

There are two principle options to insert some soluble substance to the polymer gel matrix intended for
the use as a potential drug delivery system [17]. The first one is the introduction of the substance of interest
in the mixture of precursors prior to the system gelation, thus resulting in the substance entrapment in the gel
matrix after the completion of its formation. The main disadvantage of such approach is the lack of real pos-
sibility to rinse the resultant gel from the sol-fraction (e.g., the residues of precursor components that did not
embed in the 3D polymeric network), since the entrapped target solute will be simultaneously washed-away.
The second option includes the preliminary preparation of the gel matrix, its rinsing to remove the sol-
fraction, and only then the loading of thus treated polymeric carrier with the solute of interest. In this study,
we implemented the latter approach as the model drug compound the g-amino caproic acid was used (section
2.2.5). Since for the microstructure of prepared in the present study PVAGCs, the concentration of urea in
the feed solutions to be structured cryogenically was more significant factor than the freezing temperature
(Fig. 3). the e-ACA loading/release experiments were carried out using “secondary” PVA cryogels derived
from the corresponding “primary” gel samples formed under the identical thermal conditions, namely at AT
= -40° Thus, the feed DMSO solutions of PVA either did not contain the urea (reference system), or its con-
centrations were 2.0 or 4.0 mol/L.

During these experiments the release kinetics was analyzed in terms of the Weibull’s function [61] de-
picted as the solid lines of the plot in Fig. 4:

M/M.,, = 1 — exp(-a x t),

where M is the amount of the released substance at time t; M., is the solute amount entrapped in the gel car-
rier (in our case this value is equal to that of me, in Table); M/M,, is the solute fraction (in per cent) released
from the matrix for time t; the parameters a and b are some constants. The latter ones are calculated automat-
ically by the ORIGIN PRO software (OriginLab Corp., Northampton, USA) after uploading the Weibull’s
equation and the experimental data in this computer program.

Such kind of the kinetic data presentation is known to be a useful variant for the analysis of the drug re-
lease mechanism from various polymeric matrices [62]. In the case of e-ACA release from the “secondary”
PVACGs, this approach showed good correlation of the experimental values (round symbols in Fig. 4) with
the Weibull’s approximation. In addition, on a qualitative level, the obtained data turned out to be in a suffi-
cient accordance with the microstructural features of the respective cryogel drug carriers. Namely, the larger
was the size of gross pores inside the gel matrix (i.e. the larger was the PVA-free space of the pores within
the macroporous cryogel), the faster was the drug release. Most likely, this trend was stipulated by the signif-
icant widening of the macropores in the resultant cryogels upon the increase in the urea concentration in the
initial PVA solution (Fig. 3).

Thus, the late stage (>60 %) of the e-ACA release in the case of drug carrier with the largest pores
(PVACG formed originating from the feed solution with urea concentration of 4.0 mol/L; curve 3 in Fig. 4)
reached for 5-10 min after start of release experiments. For the drug carrier based on the cryogel formed
from the feed PV A solution with urea concentration of 2.0 mol/L (curve 2 in Fig. 4) this time period elongat-
ed up to 50-60 min, and for the drug carrier formed in the urea-free system this was already about 1.5 h
(curve 2 in Fig. 4). These data evidently demonstrate that urea content in the initial PVA solutions, which is
used for the freeze-thaw-induced formation of “primary” cryogels, plays a key role for the release character-
istics of the drug-loaded “secondary” PVACGs.
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Figure 4. Kinetic profiles of e-ACA release from the drug-loaded “secondary” PVACGs transformed
from the “primary” cryogels prepared by the cryotropic gel-formation at AT = —40° of the urea-free
and the urea-containing DMSO solutions of the polymer

Conclusions

Urea is a well-known chaotropic agent capable of efficiently inhibiting the formation of H-bonds in
aqueous media. Since the H-bonding processes are the main ones responsible for the gel-formation in the
frozen water-PVA systems, the urea additives introduced in the feed aqueous PVA solutions cause signifi-
cant deteriorative effects with respect of the rigidity and heat endurance of the resultant cryogels [52, 53]. On
contrast, in such organic solvent, as dimethylsulfoxide, the additives of this chaotropes exhibit the opposite
(i.e. the kosmotropic-like) influence causing the increase in the elastic modulus and fusion temperature of the
resultant PVACGs [51]. Exactly the latter phenomenon was used in the present study to prepare the
PVACGs possessing high mechanical strength and thermal resistance, following by the evaluation of such
polymeric materials as potential carriers for the drug delivery systems.

The urea concentration on the feed DMSO solutions of PVA and the temperature of the cryogenic pro-
cessing were the variables during the performed systematic studies. As a result, it was shown that the amount
of urea introduced in the initial polymer solution to be freeze-thaw-gelled had exerted the crucial influence
on the physico-chemical characteristics and macroporous morphology of both the DMSO-swollen “primary”
PVACGs and, after replacement of the organic liquid by water, the water-swollen “secondary” cryogels.
Subsequently, the latter ones were examined as potential drug vehicles in the e-ACA loading/release experi-
ments. The obtained data allowed to draw conclusion that by the variation of the initial urea concentration in
the DMSO/PVA solutions used for the preparation of “primary” PVACGS it is possible to influence on the
rigidity, heat endurance, and macroporous morphology of the resultant cryogels, and to govern the release
behavior of the drugs uploaded in the bulk of the “secondary” PV A-cryogel-based delivery carriers.
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H.A. Muuypos, O.FO. Konocona, B.W. Jlozunckuit

IMoammep.i sKkyiieaepai KPpUOKYPBLIBIMIAY.

61. IMCO KypambIHIa MOYeBHHA 0ap moIuMepJii epiTiHainep Herisinae
AaiibIHAAJIFaH NOJTUBMHMJ CIMPTi KPHOTeJIbAePiHiH QU3NKATBIK-XUMHSJIBIK
KacueTTepi koHe aJIbIHFAH rejibAiKk MaTepuaJaapabl NOTEeH N AIbI
AIPiJlik TachbIMAJAAyIbLIAP peTiHae 0araJay

Tommeuann cnupti (IIBC) Heri3ingeri MakpokeyekTi (DU3HKAIBIK KpUOTENbAEp KypaMblHAAa MOYEBHHA
KoCTanapsl 0ap JUMETUICYIb(MOKCH TOUMEp epiTiHaiepiHeH anbiHabpl. KpHOTPONTH! renbaey nporeciHin
aﬁHbIMaJ'[le'lapbl OHBIH TEMIIEpaTypacbl MEH KOCbUIFaH MOYEBHHA KOHIEHTPALUICHI 60.]'[11])[, 6¥J'I AJIBIHFaH
KPHOTENbJCPAiH KAaTThUIBIFEI MEH JKbUTYFaTO3IMIUIITIHIH JKOFaphUIaybIH KAMTaMachl3 €Tell, COHBIMEH KaTap
Tellb MacCachbIHIAAaFbl MaKpOKEYEKTepIiH KeHetoiHe biknan ereni. JIMCO-naH iciHreH Kpuorebaepadl CyIbIH
apTHIK MeJIIepiMeH XyFaHHaH KeHiH cynaH icinreH [IBC kpuorempmepiHiH maiina GoiybIHA, OIapiabIH
KaTTBUTBIFBIHBIH Oip Me3risiie KOFapbUlayblHA OKeNAi. Byl relpIik MaTpUIanap IOpUTIK 3aTTapbl JKETKizy
JKyienepinie MOJMMepNTi TachIMAIAAyIIblIap peTiHae )KYMBIC icTey KabineriHe chiHanraH. Cyna iciHreH
OCBIHJIail KPUOTEINIBAePAl MOJETBIIK IpenapaTieH — £-aMHHOKAIPOH KBIIIKBUIBIMEH TOJITHIPY, COJlaH KeHiH
OHBIH IIBIFApbUTy KuHeTHKachlH 3epTrey [AMCO-nma iciHreH KpHOTeNnbAepAli MY3IaTy-epiTy apKbLIbl
TybiHaraH Gactankel [IBC epitinzinepinieri MoueBHHA KypaMmbl CyJia iCiHI'€H, KypaMbIHAa Adpiik 3aT 6ap
TachIMaJIIAYIIbI TeIbIIH IIBIFAPbLTY CUIIATTAMACHIHAA MaHbI3bl POJI ATKAPFaHBIH KOPCETTI. ATal aiiTKaHza,
MOYEBHHA KOHIIEHTPALMACH KOFAphl OONFaH karfaiina maisiaaanrad [IBC kpuorenbaepi yiIkeH TecikTepre
ue 60JIB1, Oy MpenapaTThIH OipiiaMa KbIIIAMBIPAK IIBIFAPbUTYBIHA OKEII.
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D.A. Michurov, O.Yu. Kolosova, V.I. Lozinsky

Kinm co30ep: TOMMBUHUI CIIUPTIHIH KPHOTEIbACP], AUMETHICYIb()OKCUITI HONUMED epiTiHALIepl, MOYeBHHA
KOCIajgapbl, KPUOTEHII OHIEy TeMIepaTypachl, IOpUTIK 3arTapibl JKETKi3yre apHajFaH KpHUOTeNbIi
TachIMaAAYILIbIIAp.

I.A. Muaypos, O.10. Konocosa, B.1. Jlo3unckuit

KpuocTrpykrypupoBaHue noJiMMepHbIX CHCTEM.

61. Pu3uKo-xMMHYECKHEe CBOMCTBA KpUOre/ieil MoJMBUHIIOBOI0 CIIMPTA,
NMPUTOTOBJEHHBIX HA 0CHOBE MOYE€BHHOCOIEPKALINX PACTBOPOB MOJIUMeEpPa
B JIMCO, ¥ o11eHKA MOJIy4Y€HHBIX I'eJIeBbIX MATEPHUAJIOB
KAaK NOTEeHUHAJBLHBIX HOCUTEJIeH JIeKAPCTBEHHBIX CPEICTB

MakpomnopHcTbie (pU3HIECKHe KPHOTeId Ha OCHOBE MosMBUHIIOBOro cnupra ([IBC) monyyanu u3 AUMETHII-
CyNb(GOKCHIHEIX PacTBOPOB IOJIUMEpPa, COICPIKAIIUX TO0O0aBKM MOUYECBHHEBI. [lepeMEHHBIMH KPHOTPOITHOTO
nporiecca reaeo0pa3oBaHus SBISIIMCH €r0 TeMIlepaTypa U KOHIIEHTpaIys 100aBIsieMoii MOYeBHHEL, 9TO 00y~
CJIOBJIMBAJIO TIOBBILICHHE JKECTKOCTH M TEIUIOCTOMKOCTH IOJIy4EHHBIX KpPHOTeJeH, a TakkKe CIocoOCTBOBAIIO
pacuIMpeHnIo Makporop B reneBoil Macce. [locnenyroras mpoMsiBka HaOyxmux ot JIMCO kpuorenei us-
OBITKOM BOJIBI NMPUBOJMIA K 0Opa3oBaHMI0 HAOyXmux OT BoAsl kpuoreneil [IBC ¢ o1HOBpeMEHHBIM Jaiib-
HEHUIINM yBEINYEeHUEM UX JKECTKOCTH. DTH TeJieBble MaTPHIBI ObLIM MPOTECTUPOBAHBI B OTHOIIEHUH X CIIO-
coOHOCTH paboTaTh B Ka4eCTBE IOJMMEPHBIX HOCUTENEH B CHCTEMax JOCTAaBKH JIEKapCTBEHHBIX cpeacTB. Ha-
MOJTHEHUE TaKUX HaOyXIIMX B BOJE KpHOTenell MOASIBHBIM MPEapaToM — &-aMHHOKAIPOHOBOH KHCIIOTOH,
a 3aTeM M3ydYeHHE KMHETHKHU €Tr0 BBICBOOOXICHUS IOKAa3ajJ0, YTO COJEep)KaHNe MOYEBHHBI B MICXOMHBIX pac-
tBOpax [1BC, ucnonb30BaHHBIX IS HHIYIIHPOBAHHOTO 3aMOpaKMBaHHEM-OTTaUBaHNEM KpHoreiel, HaOyx-
mmx B JIMCO, urpano KIIO4YeBYIO pOJIb B XapaKTEPUCTHUKAaX BHICBOOOXKICHHS HaOyXIIero B BOJAE TeJsi-
HOCHUTEJIS, COJIePIKalIlero JeKapcTBEHHOE CpelICTBO. A uMeHHO, kpuorenu [IBC, npuroroBieHHble B IPUCYT-
CTBMHM OoJiee BBICOKON KOHIIEHTpAIlMd MOYEBUHBI, UMEIH 0osiee KpYNHBIE MOPHI, B PE3YJIbTaTe Yero BBICBO-
60’k IeHNe JIEKapCTBEHHOTO BEIIECTBA IIPOUCXOMIIO HECKOIBKO OBICTpEE.

Knrouegvie cnosa: xpuorenu MoIMBUHUIOBOTO CIIMPTA, PACTBOPHI MOJIMMEPOB AUMETHICYIb(GOKCHAA, 100aB-
KH MOUYEBHHBI, TEMIIEPaTypa KpUOTeHHON 00pabOTKH, KpHOTENeBbIe HOCUTEH ISl JOCTABKH JIEKapCTBEHHBIX
CPEJCTB.
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